Nowadays, robust position, navigation and timing (PNT) 
Introduction
Automatic Identification System (AIS) is a ship to ship and ship to shore data broadcast system, operating in the VHF maritime band [1] . Its characteristics and capability make it a powerful tool for improving the safety of navigation and efficiency of shipping traffic management. International Maritime Organization (IMO) adopted a requirement for all ships to carry AIS equipment since 2000. Nowadays a number of countries have started AIS mandate programs for safety and national security purposes.
An AIS unit is capable of exchanging information such as station identity, position, course, speed, length, ship type and cargo information etc., with other ships and suitable receivers ashore [2] . It needs to be especially emphasized here is that the position information originates from the ship's navigational sensors, which typically is a Global Position Satellite System (GNSS) receiver rather than AIS. Thus, GNSS (in particular GPS) has become the primary means of navigation in many maritime applications. However, vulnerability of GNSS to accidental or deliberate interference is well known, and it is recognized that the need for more than one position system input to e-Navigation. In 2007, the IMO Sub-Committee on Safety of Navigation agreed that there was a need to provide an internationally agreed alternative system for complementing the existing satellite navigation, positioning and timing services to support e-navigation and recognized that potential back-up systems could be made available. Robust PNT information has become an essential foundation of e-Navigation and requires adequate backup components in the event of GNSS system failure.
A variety of positioning techniques have been widely utilized, which differ by the type of information and system parameters [3] . The three most important kinds utilize the Received Signal Strength (RSS) [5] , Angle of Arrival (AOA) [6] , and signal propagation time [7] [8] , respectively. RSS techniques use the received signal power for object positioning; their accuracies are limited by the fading of wireless signals [5] . AOA techniques require either directional antennas or receiver antenna arrays. Signal propagation time techniques estimate the object location using the time it takes the signal to travel from the reference nodes to the object node. They could achieve extremely accurate estimation of object location if combined with high-precision timing measurement techniques [8] , such as Ultra Wide Band (UWB) signaling. In general, signal propagation time techniques can achieve better positioning accuracy than RSS and AOA techniques [9] . Therefore, this paper focuses mainly on the method based on signal propagation time.
The techniques based on signal propagation time can be further categorized by the measurement type such as Time of Arrival (TOA) [10] and Time Difference of Arrival (TDOA) [11] . The TOA techniques can be used in two different cases. The first one is that there is synchronization between the reference nodes and the object node. It is used in many wireless ad hoc sensor network applications [12] . The other is there is no synchronization between the reference nodes and the object node, and then the clock bias as an unknown parameter need to be solved. A well-known application example is GNSS.
TDOA is employed if there is no synchronization between the reference nodes and the object node. It is one of the most widely used positioning methods in cellular mobile communication systems and ship navigation systems. Loran is a typical application. However, its accuracy is not high enough to meet the growing demand [7] . In the ship navigation technology field, the reference node usually is called Base Station (BS) and the object node is called Mobile Station (MS).
As the essence of AIS is a communication system, shore base stations as the positioning reference nodes could not provide enough information using traditional position estimation methods. Since coverage has doubled with shore based stations in order to increase system capacity with the development of the AIS, it provides the possibility for AIS positioning in practice. This paper constructs a novel hybrid positioning method combining TOA and TDOA in AIS. Furthermore, the accuracy of this positioning estimation method is evaluated and compared with the traditional positioning techniques.
The remainder of this paper is organized as follows. Section 2 summaries the mathematical model of the traditional position estimation methods, including TOA and TDOA techniques. The novel hybrid positioning method is presented in Section 3. The validation of the proposed method in simulation environments compared with the traditional techniques is provided in Section 4. Finally, Section 5 draws the conclusions of this work.
Traditional positioning model
Positioning can be applicable in two-dimensional environments giving latitude and longitude or three-dimensional space giving latitude, longitude and height. The method used in two-dimensional usually can extend to the three-dimensional cases simply. Therefore, the method for two-dimensional positioning will be focused in this paper.
As mentioned above, the positioning method based on signal propagation time can be classified into TOA and TDOA [6] . TOA techniques employ the information of the absolute signal travel time from the BSs to the MS. Positioning methods based on TOA usually need synchronization between BSs and MS. However, the time synchronization is a difficult task to achieve in reality. In the case of TDOA, only the BSs are synchronized. The MS does not know the signal travel time and therefore employ the difference of signal travel time between the BSs. The position estimation models based on TOA and TDOA are given below.
TOA technique
Revisiting the fundamentals of the TOA technique, the position estimation of the MS derives from measuring the time for a signal to travel from a number of BSs to the MS. By multiplying the speed of light, the transmit time between MSs and BS can use to obtain the distances.
Geometrically, the MS lies on a circle centered at the BS's location (A and B), whose position is known precisely, and radius distanced R A and R B as shown in Fig. 1 . The position of the MS is given by the intersection point of the two circles using at least two BSs. Based on the geometrical principle, the position of the mobile station M is determined as the intersection of two circles. Though two circles intersect at two points (M and M′) generally, M′ can be excluded easily according to the known approximate position of the mobile station. The goal of positioning is to find out the precise coordinates of M, eliminating multivalve M′.
For ease of exposition, the equation in TOA positioning technique is given by In the TOA technique, however, deviation exists in the measurements of the range due to the clock bias between BSs and MS in practice. TOA positioning measurement equation should be rewritten as
where i R is the measurement for the distance from the ith BS to the MS; Δt is the corresponding time of the measurement error; that is the user's clock bias. There are three unknowns (x, y and Δt) in the above equation. So the clock bias augments the two-dimensional location vector forming a three dimensional state vector. Thus, to estimate the receiver location, more than three independent TOA measurements are required at the same time. 
TDOA technique
where (x i , y i ) and (x j, y j ) are the known precise coordinates of the ith and jth BSs. As there are two unknowns in position estimation, at least two equations with range difference measurements of two pairs of BSs are required at the same time.
The most prominent advantage of the TDOA technique is that the mobile station does not need to synchronize with the BSs. It is more feasible for users than TOA. Thus, the clock bias of the mobile station has no effect on the positioning results. However, it requires synchronization between different BSs. At least two couples of BSs that is three with known positions are required in two-dimensional positioning using TDOA technique.
A TOA-TDOA hybrid positioning estimation technique
In summary, at least three BSs are required for the position estimation using traditional positioning techniques, either TOA or TDOA. As the essence of AIS is a communication system, to achieve seamless coverage MS receive signals from one BS at any time. Thus, the existing BSs as the positioning reference nodes using position estimation mentioned above could not satisfy positioning requirements.
However, with the development of AIS and increase the number of slot loading, the coverage has doubled with shore base stations in order to increase system capacity. So ships could receive signals from two shore base stations, providing the possibility for positioning. In accordance with principles of the traditional positioning techniques, position estimation with only two BSs is impossible in the absence of the clock bias. This paper presents a novel positioning method in the condition of two BSs with hybrid measurement parameters that are TOA and TDOA. The principle diagram is indicated in Fig. 3 . 
and i, j=A, B. Define the vectors
where dx, dy and dΔt are the linear least sum squared error correction of the position and clock bias for the mobile station. The position matrix of Eq. (6) can be rewritten simply as
The positioning solution is obtained using LSM given by
The performance of a positioning system is commonly measured in terms of the accuracy of position estimation. The accuracy of a particular position system depends on a number of factors, including the geometry of the base stations and the measurement accuracy. Geometric dilution of precision (GDOP) describes the effect of geometry on the relationship between measurement error and positioning error. Therefore, the accuracy of the position estimate can be expressed as the product of the GDOP at a mobile station and the root mean square deviation of the measurement errors. Thus, to evaluate the accuracy of various positioning systems, GDOP usually have been employed. According to the position solution of Eq. (9), GDOP is given by
Simulation results

Performance of the proposed position estimation technique
According to the derivation for the hybrid TOA-TDOA positioning system discussed above, GDOP can be obtained easily by the diagonal elements of the matrix (A T A) -1 . Positioning accuracy is evaluated. The horizontal positioning error is shown in Fig. 4(a) . The origin of coordinate is the midpoint of the two AIS base stations A and B. The coordinates of x and y have carried out a normalization process by the distance between A and B. In Fig. 4 In order to see the change of the GDOP more clearly, x and y can also be represented by the polar coordinates r and θ. The GDOP curve with r and θ is shown below, where abscissa axis r is normalized, dividing by the distance between the base stations. In Fig. 4(b) , the curves indicate the relationship between GDOP and r with given different θ. It is also verified that the minimum GDOP is (1+ 5 )/2. 
Compared with TOA technique
The performance of the proposed hybrid position estimation method is compared with the traditional TOA technique. In Fig. 5 , the proposed position estimation method corresponds to the solid line; TOA technique marks by the dotted lines. Fig. 5(a) depicts horizontal positioning error of the proposed hybrid position estimation method compared with TOA technique. The comparison of GDOP curve diagrams with r and θ is shown in Fig. 5(b) . It can be seen from Fig. 5(a) that the positioning accuracy of the hybrid method is superior to the TOA technique in the remote area where r/d>0.5. While the conclusion is opposite in the near area, that is the positioning accuracy of the TOA technique is better than the hybrid technique. Fig. 5(b) illustrates in a near region the TOA technique outperforms the hybrid technique. In a remote area, if GDOP<1.633, then the performance of TOA technique is still better than the hybrid technique. However, the performance of TOA technique is worse than the hybrid technique if GDOP > 1.633. To summarize, the curve of GDOP = 1.633 in the remote area is the boundary. Beyond the boundary, the performance of the hybrid technique is better than the TOA technique; while the TOA technique outperforms the hybrid technique inside the boundary.
Compared with TDOA technique
Similar with the above, Fig. 6 compares the performance between the proposed and the TDOA techniques. The proposed hybrid position estimation method still corresponds to the solid line; TDOA technique corresponds to the dotted lines. Horizontal positioning errors of the proposed hybrid position estimation method are compared with TDOA when the angle between the baselines of the two pairs of the BSs is 120° in Fig. 6(a) . The positioning accuracy of the proposed method is superior to the TDOA technique in the remote area; while the positioning accuracy of the TDOA technique is better than the hybrid technique in the near area. techniques. In the left area of the intersections, which is the near area, the performance of the TDOA technique is better. The performance of the hybrid technique is outperformance in the right area which is the remote area. The greater the angle is the performance of the proposed technique is more easily superior to TDOA technique for the same GDOP.
Conclusions
In this paper, a hybrid position estimation method combining the characteristics of TOA and TDOA to positioning in AIS is derived based on the model of traditional positioning technique. The performance of this proposed method has been theoretical analyzed and evaluated. The comparison between the hybrid position estimation and TOA or TDOA technique is shown in simulation respectively. The simulation results give the boundaries of the performance comparison that is the optimum working area for the hybrid position estimation technique. 
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